In order to introduce carboxylic acid groups at the surface of poly (ethylene) ( P E ) films, an attempt was made to covalently link a preadsorbed layer of poly (acrylic acid) ( PAAc) on a P E film by a n argon or tetrafluoromethane (CF,) plasma treatment. Surface analysis was performed by XPS (X-ray photoelectron spectroscopy) and water contact angle measurements. It was shown that by treatment of a PAAc layer preadsorbed on PE with an argon or a CF, plasma, a small amount of carboxylic acid groups was introduced a t the surface. A similar amount of these groups was obtained by plasma treatment of P E films without a preadsorbed PAAc layer. A comparison of the etching rates of PAAc and P E by either a n argon or a CF, plasma, showed that PAAc is etched much faster by both types of plasmas than PE. The preadsorbed PAAc layer on P E is etched off before it could be immobilized by either an argon or a CF, plasma treatment. Additionally the effect of treating PE films for very short times with a n argon or a CF, plasma was studied. After an induction period of approximately 0.1 s, the oxidation during the argon plasma treatment and the fluorination during the CF4 plasma treatment were proportional to the logarithm of the treatment time for time periods up to 50 s.
INTRODUCTION
During the last decade, functionalization of polymer surfaces has evolved to a very prominent field of research. The presence of functional groups at the surfaces is important for processes like adhesion and wettability. Furthermore they can be used for the covalent binding of bioactive molecules for biotechnological and biomedical applications. Because carboxylic acid groups are particularly suitable for the coupling of amine or hydroxyl containing bioactive molecules to solid surfaces, ' a considerable effort has been made to introduce these groups at hydrophobic polymer surfaces. Generally two types of functionalization processes can be distinguished namely, wet and dry chemistry approaches. By using solutions of strong acids and oxidizing agents it is possible to oxidize poly ( ethylene ) ( PE ) and poly(propy1ene) (PP) surfaces to such a degree that carboxylic acid groups are introduced at the surface.'" Many different graft processes have also been reported in which a monomer, for example, acrylic acid, is grafted onto a polymer substrate by means of gamma irradiation, '-' fast electrons, '9" or UV."
The main disadvantage of wet chemistry approaches is that the modification is not always restricted to the outermost surface."
With many of the dry chemistry functionalization techniques, such as corona and plasma treatments, it is possible to selectively modify the outermost surface. Plasma techniques have been widely used to introduce functional groups on polymer surface^.'^ For instance plasma polymerization of acrylic acid14,15 or of acrylic acid/carbon dioxide" mixtures yields carboxylic acid groups on the surface. Different plasma-induced grafting processes, for instance grafting of acrylic acid on poly (ethylene terephtalate) and PE 18~19 surfaces, have been applied for the functionalization of polymer surfaces. Furthermore by applying an oxidizing plasma, different oxygen-containing functional groups are introduced at the polymeric surface. 20 A limiting factor for the widespread use of plasma processes is the complexity of the chemistry of the plasma phase. As a consequence the chemical composition of the surface obtained by plasma processes is usually less defined than desired. To circumvent this problem we have developed a new approach that involves plasma immobilization of preadsorbed surface-active compounds on inert polymer substrates. In this process a compound with the desired functionality is preadsorbed on a polymer surface and then plasma treated with an inert gas to induce a covalent coupling of the preadsorbed compound to the surface. By immobilizing a preadsorbed sodium dodecylsulfate (SDS) layer on PP it is possible to introduce sulfate groups at the surface." Furthermore by immobilization of decylamine hydrochloride on PE, amine groups are introduced at the PE surface.22 Finally fibrinogen-repellant "n~nfouling'~ surfaces are obtained by the immobilization of a poly (ethylene oxide) (PEO) containing surfactant on PE. 23, 24 In this study the applicability of the plasma immobilization method for the introduction of carboxylic acid groups onto a solid hydrophobic polymer surface has been investigated. A schematic presentation of the plasma immobilization process is given in Figure 1 . In the first step a surface active carboxylic acid containing compound is adsorbed on a hydrophobic surface. RothmanZ5 has reported that poly (acrylic acid) ( PAAc) adsorbs reversibly onto a hydrophobic gel, and based on this report it was assumed that this adsorption behavior could be extrapolated to other hydrophobic surfaces. Therefore the adsorption and desorption behavior of PAAc on PE was studied first. Subsequently PE films with a preadsorbed PAAc layer ( P E /PAAc films) were treated with an argon or a tetrafluoromethane ( CF4) plasma to investigate whether this layer could be immobilized onto the PE film with retention of the carboxylic acid groups. After washing to remove any unbound PAAc from the plasma-treated surface, Schematic presentation of the plasma imsurfaces were analyzed with X-ray photoelectron spectroscopy (XPS ) and water contact angle measurements. Furthermore specific reactions for carboxylic acid groups followed by XPS m e a s u r e m e n t~~~,~~ were utilized to quantify the surface concentration of carboxylic acid groups. 
EXPERIMENTAL

Materials
Methods
Films were routinely stored at room temperature ( R T ) under atmospheric pressure in glass vials in the dark.
Preparation of Polymer Films
Preparation of PAAc Films. PAAc (10 g ) was dissolved in 500 mL of methanol. The solution was cast onto two clean petri dishes (diameter 19 cm) .
After evaporation of the methanol at RT, the PAAc films were dried in vacm at RT.
Preparation of P(EcoAAc) Film. P(EcoAAc) films were prepared in a silanized petri dish because of the very strong adhesion forces between clean glass and the films of the copolymer. Petri dishes were silanized by a treatment with a solution of chlorotrimethylsilane in toluene (30% v/v) for 10 min, followed by rinsing five times with toluene and rinsing three times with methanol. Subsequently P ( E coAAc ) (5 g ) was dissolved in 30 mL of toluene at 80°C in a vacuum stove. The toluene was slowly stripped off, and the films were dried for several hours at 80°C in uacuo.
Cleaning of PE Films. PE films (13 X 25 mm) were cleaned ultrasonically in dichloromethane for 10 min. Fresh dichloromethane was added and the procedure was repeated. The total cleaning procedure consisted of treatment four times with dichloromethane, four times with acetone, and four times with water. Subsequently the films were dried in uacuo and stored.
Adsorption and Desorption of PAAc on PE
Adsorption of PAAc on PE. Each PE film was placed in 5 mL of an aqueous solution of PAAc ( 1% w/v, pH 3.2) at RT. After 1 h the film was taken out, rinsed (once) with water, and dried in uacuo. These films are denoted as PE/PAAc films.
Desorption (Washing) of Adsorbed PAAc. PE/ PAAc films were washed with aqueous solutions of either NaCl(3.OM), NaOH (l.OOM), HC1 (l.OOM), or SDS (1% w / v ) for 1 h at RT. After removal of these solutions, the films were washed three times with water and dried in uacuo.
Plasma Treatment
A schematic presentation of the plasma treatment system used is given in Figure 2 .
Plasma Treatment of PEIPAAc and PE Films. PE/ PAAc (six films) and PE films (six films) were placed on a glass plate in the center region of the reactor and the reactor was evacuated (pressure p < 1 -mbar). Subsequently a gas flow (Ar or CF,) of 10 cm3 (STP) /min was established through the reactor. After 15 min the films were plasma treated (44 W, 0.07 mbar) for time periods ranging from 0.05 to 50 s. Two minutes after the plasma treatment, the reactor was brought to atmospheric pressure with air. The other side of the films was treated according to the same procedure.
Washing of Plasma-Treated Films. Plasma-treated PE and PE/PAAc films were immersed in an aqueous NaOH solution (1.00M) at RT. After 1 h Figure 2 Schematic presentation of the plasma treatment system used. The system consists of the following components. the films were rinsed twice with methanol and dried in uacw. Films to be used for contact angle measurements were washed three times with water instead of methanol.
Determination of Etching Rates of PE and PAAc Films. Two films ( P E or PAAc, 4 X 10 cm each) were placed on a glass plate in the center region of the reactor and the reactor was evacuated ( p < 5 -mbar). Subsequently the films were taken out, immediately weighed, and returned to the reactor. If no weight decrease of the films was measured, the following plasma treatment procedure was applied. After placing the films in the reactor, the reactor was evacuated ( p < 1.10-5 mbar ) . A gas flow (Ar, CF4, or air) of 10 cm3/min was established through the reactor. After 15 min the films were plasma treated (44 W, 0.06-0.07 mbar) for 3 h. Two minutes after the plasma treatment, the reactor was brought to atmospheric pressure with air. The films were taken out and immediately weighed. The gravimetrically determined weight decrease was converted into an average etching rate.
Characterization
Contact Angle Measurements. Wilhelmy plate, water contact angle r n e a~u r e m e n t s~~,~~ were performed with all modified and control surfaces at RT.
XPS Measurements. XPS measurements were performed with a Kratos XSAM-800 (Manchester, United Kingdom) apparatus using a Mg K, source (15 kV, 15 mA). The samples were analyzed with the analyzer perpendicular to the sample surface. A spot size with a diameter of 3 mm was analyzed. The pressure during measurements was typically 1 * lo-' mbar. The spectra were recorded in the low resolution mode (pass energy 40 eV, FWHM Ag3d5/2: 1.2 eV) and standard sensitivity factors (delivered by Kratos) were used to convert the measured peak areas into atom percentages. Whenever fluorinecontaining surfaces were analyzed, a clean PTFE sample was also analyzed to determine a correct empirical sensitivity factor for the fluorine 1s peak.
Scanning Electron Microscopy ( S E M )
. Modified and control films were characterized using a JEOL type JSM-35CF apparatus. The films were sputtered with gold (with a Balzers Union Sputter apparatus), and analyzed at an angle of 60" at different magnifications.
Derivatization of Carboxylic Acid Groups for XPS Analysis
The reactions used to tag carboxylic acid groups on surfaces in order to be able to detect and quantify these groups with XPS, are given in Scheme 1. Ion Exchange of Carboxylic Acid Groups. By rinsing a carboxylic acid group containing surface with an aqueous NaOH solution and by quantification of the amount of sodium on the surface by XPS, it is possible to obtain an indication of the surface concentration of carboxylic acid groups.26 Because the rinsing procedure, which has to be applied to remove an excess of NaOH from the surface, is critical, the washing procedure had to be optimized. Therefore a model polymer surface, P ( EcoAAc) , was treated with aqueous NaOH ( 1.00 M, 1 h, R T ) , rinsed varying times with methanol, and dried in uacuo. After rinsing twice with methanol a constant sodium level (half of the oxygen concentration) was found on the surface with XPS. The ion-exchange of surface carboxylic acid groups was thus complete, and the sodium concentration could be used to quantify the surface concentration of carboxylic acid groups. This procedure has been used for all plasma-treated surfaces.
Reaction of Carboxylic Acid Groups With TFE. By reacting surface carboxylic acid groups with TFE and quantification of the F l s peak during XPS analysis, it is possible to get a (semi) quantitative indication of the carboxylic acid concentration on the surface. This reaction has been described by Chilkoti et a1.26 A slight modification of the method described was used. A polymer film (13 X 25 mm) was placed vertically in a glass vial on glass beads.
Subsequently TFE (0.45 mL) , pyridine (0.2 mL) , and 1,3-di-tert-butylcarbodiimide (0.15 mL) were injected under the film at 15-min intervals. The vial was closed and the reaction was allowed to proceed for 24 h at RT. After the reaction the film was immediately loaded for XPS analysis. The semiquantitative nature of this method was checked by reacting PAAc films according to this procedure. XPS analysis of the derivatized surfaces showed that about 80% of the carboxylic acid groups on the surface have been derivatized, which is in close agreement with the results of Chilkoti et a1.26
RESULTS AND DISCUSSION
Adsorption of PAAc on PE and Desorption of
PAAc From PE
The adsorption of PAAc on PE and the desorption of PAAc from PE have been studied with XPS and water contact angle measurements (see Table I ). It can be seen from Table I that PAAc adsorbs on PE from aqueous PAAc solutions. PE/PAAc films con- The results of X P S and contact angle measurements before and after washing with an aqueous NaOH solution for P E and for PE preadsorbed with PAAc (PE/PAAc) are given. The results of the XPS analysis of TFE derivatized PE and PE/PAAc films before and after washing are also shown. The average values of two measurements are presented. If a standard deviation is given, the average of four measurements is denoted. tain a significantly higher oxygen level on the surface as compared to the PE control surfaces. Derivatization of PE / PAAc films with TFE followed by XPS analysis shows that the increase of the oxygen concentration of the PE/PAAc films is due to an increased amount of carboxylic acid groups ( Table I ). The surface concentration of fluorine of the TFE derivatized PE/PAAc surface is slightly lower than the expected value [5.8% ( = 4.8 X 3 / 2 X 0.80) fluorine] based on the amount of oxygen present on the surface and the reaction efficiency. It seems likely that the adsorption of PAAc on PE is caused by hydrophobic interactions of the PAAc backbone with the PE substrate.
The presence of PAAc on the PE surface after adsorption is also confirmed by contact angle measurements (Table I ) . Adsorption of a hydrophilic polymer onto a hydrophobic surface should cause a decrease of the advancing and receding contact angles, which is also observed. However, it should be noted that measuring contact angles of PE /PAAc films, which are not stable in water, may lead to erroneous results and that the data should be interpreted with great caution.
In order to study the effect of the PAAc solution concentration on the amount of PAAc adsorbed on PE, the PAAc solution concentrations were varied from 0.25 up to 2.5% w/v. It was found with XPS measurements that the amount of PAAc adsorbed on the surface does not depend on the concentration of PAAc used for the adsorption process within this concentration range (data not shown).
By washing the PE/PAAc surfaces with an aqueous NaOH solution, the surface properties of the films became comparable to similarly washed PE and unwashed PE films. The amount of oxygen on the surface decreased sharply and the contact angles became higher (Table I ) . Furthermore, derivatization of washed surfaces wi.th TFE showed that no carboxylic acid groups are present on the surface after washing. The preadsorbed PAAc can be efficiently removed from the surface by washing PE/PAAc surfaces with an aqueous NaOH solution.
Similar results were obtained when PE/PAAc films were washed with either 3.OM NaCl or 1% w/ v SDS. The surface properties of PE/PAAc films washed with 1M HC1 were similar to those of unwashed PE/PAAc films (data not shown).
Because washing with NaOH ( 1M) and rinsing twice with methanol is a convenient way to detect surface-bound carboxylic acid groups, and because a preadsorbed PAAc layer on PE can also be removed by this washing procedure, this method was used to detect carboxylic acid groups on surfaces of plasma-treated PE / PAAc and PE films.
Argon Plasma Treatment of PE/PAAc and PE Films
From Figure 3 in which the results of the XPS analysis of argon plasma-treated PE/PAAc and PE films are given, it can be seen that after washing with an aqueous NaOH solution no clear differences between PE/PAAc and PE films were found. The amount of oxygen on PE and PE/PAAc films after washing increased with increasing plasma treatment times. A constant, low sodium level was also found, which is an indication that a small amount of bound carboxylic acid groups is present on both surfaces. From the contact angles for washed PE/PAAc and PE films given in Figure 4 , it can be seen that no differences between plasma-treated PE / PAAc and PE films after washing can be found. It can thus be concluded that an argon plasma treatment applied on a layer of PAAc preadsorbed on PE does not result in an increase of the amount of carboxylic acid groups on the surface. To investigate why the immobilization of the preadsorbed PAAc layer on PE failed, plasmatreated PE/PAAc and PE films, which were not washed afterward, were analyzed with XPS. For unwashed PE/PAAc films the amount of oxygen initially decreases and then increases at longer plasma treatment times [ Fig. 3 ( b ) 1. This is in contrast to the plasma-treated PE films for which the amount of oxygen on the surface increases monotonously.
The data given in Figure 3 ( b ) show that after a plasma treatment time of 0.05 s a significant amount of oxygen is observed on the surface, but that after was not sufficient to couple the preadsorbed PAAc to the PE substrate [ Fig. 3 ( a ) 1. Compared to the immobilization of decylamine hydrochloride on PE for which under almost identical plasma conditions an optimal plasma treatment time of 2 s has been observed, 22 these treatment times are extremely short. The etching rates given in Table I1 illustrate the sensitivity of PAAc to argon plasmas. Because the immobilization of a layer preadsorbed on a hydrophobic surface by a plasma involves a competition between an etching and an immobilization process,'l it seems likely that when the etching process is very prominent, hardly any immobilization will occur. In the case of the immobilization of PAAc on The densities used to convert the weight decrease into an etching rate are: PE 0.93 g/cm3 and PAAc 1.3 g/cm3.
PE by an argon plasma, the etching process seems to be too dominant.
Although the only difference in chemical structure between PAAc and PE is the pendant carboxylic acid group along the backbone, the etching rates during different plasma treatments differ greatly. PE is etched slowly, probably due to a sputtering process of the surface. This is in contrast to the high etching rates observed for PAAc. For PAAc an additional process, presumably decarboxylation, occurs during the plasma treatment. The exact chemical modifications of PAAc induced by an argon plasma are presently under investigation.
Generally the surface concentration of oxygen on argon plasma-treated films increases with increasing plasma treatment time. The argon plasma introduces active sites on a polymer surface by a bombardment of reactive species (ions, electrons, and UV 1 3 ) from the plasma phase. These active sites, presumably radicals, can either recombine to give crosslinking, 30,31 or can cause immobilization of a preadsorbed compound to the substrate.21s22 In addition these active sites can also react with oxygencontaining compounds like water adsorbed on the reactor walls or air from leakages. Oxidation may also occur after the plasma treatment.32 These reactions will yield different oxygen-containing functionalities on the surface including a small amount of carboxylic acid groups.
A systematic study on the effect of treating polymer films with a plasma for very short time periods has not been reported previously. From the XPS data given in Figure 3 ( b ) it can be derived that the kinetics of treating a PE film with an argon plasma can be divided into three regions. First, up to treatment times of 0.1 s the argon plasma does not induce changes in the surface composition of PE films. After this induction period, the incorporation of oxygencontaining groups seems to be proportional to the Plasma treatment time (s) Figure 5 XPS analysis of CF, plasma-treated PE/PAAc and P E films. The films were either washed with an aqueous NaOH solution to remove any unbound PAAc and to tag carboxylic acid groups on the surface, or not washed after the plasma treatment. The atom percentages of ( a ) oxygen and sodium and ( b ) fluorine are given as a function of the plasma treatment time.
log of the plasma treatment time (second region). It can be expected that at long treatment times ( t > 50 s ) the surface oxidation and the etching of the surface are each occurring at fixed rates leading to a steady state (third region). This will yield a constant surface composition.
CF, Plasma Treatment of PE/PAAc and PE Films
Because the immobilization of PAAc on PE by an argon plasma treatment was not successful, a different type of plasma treatment was tried. We expected that plasmas of other noble gases would give similar results and therefore a totally different type of gas ( CF4) was utilized. PE/PAAc and PE films (as control surfaces) have thus been treated with CF, plasma. The results of the XPS analysis of plasma-treated and washed films, given in Figure 5 , show that no differences between PE and PE/PAAc films are found. The PAAc layer preadsorbed on PE can therefore also not be immobilized by a CF4 plasma treatment.
The maximum in the oxygen content of CF4 plasma-treated PE films is remarkable. This maximum is most likely due to the consumption of a limited internal oxygen source in the reactor (e.g., This conclusion is supported by the water contact angle measurements given in Figure 6 . Although small differences between PE/PAAc and PE films are found at plasma treatment times of 0.5, 1, and 5 s, these seem to be more related to small differences in the fluorine and oxygen content of these surfaces than to differences in the amount of carboxylic acid groups on the surface. The maximum in the amount of oxygen on the surface is related to the minimum in the contact angles of Figure 6 .
When the oxygen levels of CF, plasma-treated PE/PAAc and PE films are compared before washing, a significantly higher amount of oxygen is found on the PE/PAAc films [ Fig. 5 ( a ) 1. Only at a plasma treatment time of 50 s the amounts of oxygen on both surfaces become comparable. The initially higher amount of oxygen on PE/PAAc films is most likely due to the preadsorbed PAAc layer. This layer is removed during the washing procedure.
The CF4 plasma treatment also results in the incorporation of large amounts of fluorine on the surface [ Fig. 5 ( b Figure 6 Water contact angles of CF, plasma-treated and washed (with a n aqueous NaOH solution to remove any unbound PAAc) P E and PE/PAAc films. The advancing and receding water contact angles are given as a function of the plasma treatment time.
The error bars represent the standard deviation in the contact angles of three films within one batch.
formation of CF, CF2, and CF3 group^.^^,^^ The Cls spectra of CF, plasma-treated PE films showed that indeed CF, CF2, and CF3 groups are incorporated at the surface (spectra not shown). Furthermore these spectra showed that at short plasma treatment times predominantly CF groups are built in and at longer plasma treatment times an increasing amount of CF2 and small amounts of CF3 groups are formed. These observations may be explained by the progressive fluorination of the surface by atomic fluorine.20 From Table I1 it can be seen that PAAc films are also sensitive to a CF, plasma treatment. Although PE films are also more rapidly etched by CF, than by argon plasmas, the etching rate of PAAc films is still significantly higher. It seems that again a second process, possibly decarboxylation, occurs during the CF, plasma treatment of PAAc. This would explain the failure of the covalent immobilization of a layer of PAAc preadsorbed on PE by a CF, plasma.
For the treatment of PE with a CF, plasma, some kinetic aspects can be derived from Figure 5 ( b ) .
The classification of the kinetics into three regions, as was described for the argon plasma treatment of PE, can also be applied to the fluorination of the PE surface during a CF, plasma. Again after a short induction period (0.1 s) , the fluorine incorporation is proportional to the log of the treatment time. In contrast to the argon plasma treatment the onset of the third region, in which the incorporation and etching process are balancing, can be seen in Figure  5 ( b ) at a plasma treatment time of 50 s.
CONCLUSIONS
In this study a layer of PAAc reversibly adsorbed on PE was treated with either an argon or a CF4 plasma in order to immobilize a preadsorbed PAAc layer to the PE substrate. It was not possible to introduce an additional amount of carboxylic acid groups on the surface by this method compared to PE control surfaces. The preadsorbed PAAc layer on PE is etched off before it could be immobilized by either an argon or a CF, plasma treatment. Additionally the effect of treating PE films for very short times with an argon or a CF4 plasma was studied. After an induction period of approximately 0.1 s, the oxidation during the argon plasma treatment and the fluorination during the CF, plasma treatment, were proportional to the logarithmic of the treatment time for time periods up to 50 s.
